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Introduction {#sec001}
============

Direct-acting antivirals (DAAs) have transformed the treatment of hepatitis C virus (HCV) infection, resulting in higher rates of sustained virological response (SVR) \[[@pone.0163900.ref001]\]. However, the high costs and the significant toxicities associated with first generation regimens that combine a protease inhibitor (PI) with pegylated interferon-α and ribavirin (PEG-IFN/RBV) \[[@pone.0163900.ref001]\] stimulated interest in the identification of individual predictors of patient response in clinical development programmes. This led to the proposal of decision rules to determine whether treatment should be abandoned (futility rules), abbreviated (response-guided therapy) or whether patients should complete the full treatment course \[[@pone.0163900.ref002]\]. This decision-making process requires frequent viral RNA testing to facilitate adherence to licensed recommendations for PI-based triple therapies.

Despite the high specificity, sensitivity and reproducibility of HCV RNA quantification assays, their costs can constrain their utility in resource-limited settings. Furthermore, molecular assays---typically performed in batches---may preclude sufficiently short turn-around times to facilitate efficient HCV DAA treatment decisions in the clinic \[[@pone.0163900.ref003]\]. Conversely, the CE-marked HCV core antigen quantification assay (ARCHITECT HCV Ag assay, Abbott Diagnostics) \[[@pone.0163900.ref004]\] constitutes a rapid, more economical and easier-to-perform method, with good correlation to HCV RNA assays \[[@pone.0163900.ref005]--[@pone.0163900.ref007]\]. These advantages were previously investigated to assess the ability of antigen testing to supplement molecular viral load testing for monitoring treatment of PEG-IFN/RBV therapy. The results showed the potential clinical utility of HCV core antigen (HCVcAg) at early stages in dual PEG-IFN/RBV therapy to predict treatment response as early as day 3 \[[@pone.0163900.ref008]\], week 1 \[[@pone.0163900.ref007], [@pone.0163900.ref009]\] or week 2 \[[@pone.0163900.ref003], [@pone.0163900.ref009]--[@pone.0163900.ref011]\]. The present study aims to determine the utility of HCVcAg testing in the era of DAA-based triple therapy.

Materials and Methods {#sec002}
=====================

Patient population {#sec003}
------------------

Plasma/serum specimens obtained from chronically HCV-infected (CHC) genotype 1-infected patients (n = 152) receiving either telaprevir (TVR) (n = 110) or boceprevir (BOC) (n = 42) in triple therapy with PEG-IFN/RBV were received from seven tertiary care hospitals. Ethical approval for the ICORN study was obtained from the St. James'/Tallaght Hospital Research Ethics Committee (2012/47/08 RTC) in December 2012. Participants were enrolled in the study following the provision of written informed consent.

Methods {#sec004}
-------

HCV RNA measurements (viral loads) were quantified using the Abbott Molecular m2000 RealTime System (Abbott Molecular Laboratories, Wiesbaden, Germany) prior to initiation of treatment (baseline), and on-treatment at weeks 4, 8, 12, 24 and 48 and 24 weeks post-treatment cessation for evaluation of virological response following guidelines. For analysis of early viral antigen kinetics, HCVcAg levels were examined with the ARCHITECT HCV Ag (Abbott Diagnostics, Wiesbaden, Germany) assay at the following time-points: baseline (n = 100), week 1 (n = 35), week 2 (n = 45) and week 4 (n = 103) for samples obtained from TVR-treated patients; and baseline (n = 39) and week 4 (n = 37) for samples from BOC-treated patients. HCVcAg levels (log~10~ fmol/l) were correlated with HCV viral loads (log~10~ IU/ml) and treatment outcomes to determine predictive values. To include all data for analysis, detectable RNA levels below the limits of quantification of the viral load assay (12 IU/ml) were represented as 6 IU/ml to obtain the log transformed value of 0.78 log~10~ IU/ml. RNA not detected was assigned with the log~10~ value of 0. HCVcAg levels \<3 fmol/l (interpreted as non-reactive by the manufacturer) were assigned with a log~10~ value of 0.

*IFNL3* rs12979860 single nucleotide polymorphism (SNP) analysis was performed by allelic discrimination real-time PCR as described previously \[[@pone.0163900.ref012]\]. HCV genotyping was performed by Innogenetics VERSANT HCV genotype 2.0 (Siemens Healthcare, Milan, Italy) or the RealTime HCV Genotype II (Abbott Molecular Laboratories, Wiesbaden, Germany) assays. Identification of viral subtype based on *NS3* sequencing and DRMs in the NS3 protease were performed as previously described \[[@pone.0163900.ref013]\]. Human interferon-ɣ inducible protein 10 (IP-10) was quantified by using the Quantikine human CXCL10/IP-10 immunoassay (R&D Systems). Human serum microRNAs (miRs), including miR-122 and let-7b, were measured by relative quantification real-time PCR using the TaqMan Small RNA assays on the ABI7500 Fast Real-time PCR system as described \[[@pone.0163900.ref014]\].

Definitions {#sec005}
-----------

The definitions of the European Association for the Study of the Liver (EASL) treatment management algorithm were followed \[[@pone.0163900.ref015]\]. SVR was defined as an undetectable HCV RNA level 24 weeks after treatment cessation. Rapid virological response and early virological response were were referred as RNA negativity at week 4 and week 12, respectively after commencement of TVR-based therapy. Early response and late response were referred as RNA negativity at week 8 and week 12, respectively for BOC-based therapy. HCV RNA reduction was referred to as a log~10~ IU/ml decrease of HCV VL and HCVcAg reduction was defined as a log~10~ fmol/l decrease of HCVcAg level in plasma/sera between baseline and subsequent time points for each assay.

Statistical analysis {#sec006}
--------------------

The statistical significance of differences between groups was analysed by Fisher's exact test for categorical variables and Mann-Whitney U-test for continuous variables. Correlation between levels of HCVcAg and RNA was measured by Spearman's rank correlation coefficient tests. Optimal predictive values were assessed by calculating the areas under the receiver operating characteristics curve (AUC value). Sensitivity (SEN), specificity (SPE), positive predictive value (PPV), negative predictive value (NPV) and accuracy (ACC) were calculated to determine the reliability of predictors of the response to each therapy. Each cut-off value for continuous variables was decided by the Youden index method on the basis of the receiver operating characteristics curve (ROC), as the inflection point at which the sum of sensitivity and (specificity-1) was the maximum. Two-tailed *P* values less than 0.05 were considered statistically significant. The statistical analysis was performed with software MedCalc v14.8.1.

Results {#sec007}
=======

Baseline characteristics of the study cohort {#sec008}
--------------------------------------------

In total, 72.4% (110/152) of the study cohort were treated with TVR and 27.6% (42/152) received BOC. The median ages were 45 years in the TVR and 48 years in the BOC group with a male predominance (67.3% TVR; 70.7% BOC). The proportions of patients with cirrhosis were 23.1% (TVR) and 34.1% (BOC). 39.1% of TVR-treated patients and 26.2% of BOC-treated patients were treatment-experienced individuals who did not achieve an SVR with previous PEG-IFN/RBV regimen. The major homozygous *IFNL3* rs12979860 CC frequency was 32.7% in TVR-treated patients and 23.8% in BOC-treated patients respectively. The majority of the study cohort was chronically infected with HCV GT1a: 67.3% in the TVR group and 70.0% in the BOC group; the remainder was infected with HCV GT1b. As previously reported, the naturally occurring RAMs conferring resistance to PIs, T54S, V55A and I132V, were detected in 33.3% of TVR-receiving patients; and V36L and V55A were detected in 6.5% of BOC-receiving patients \[[@pone.0163900.ref013]\].

With regards to baseline characteristics, we determined a statistically significant association of both older age and *IFNL3* CC genotype with cirrhosis in the cohort ([Table 1](#pone.0163900.t001){ref-type="table"}). The group with cirrhosis (n = 39; median age, 51 years; range, 32--70) was significantly older than the group without cirrhosis (n = 110; median age, 44 years; range, 19--68; *P* = 0.0005). The proportion of individuals who developed cirrhosis in the *IFNL3* CC group (41.3%) was significantly higher than the non-CC group (19.4%, *P* = 0.008).

10.1371/journal.pone.0163900.t001

###### Baseline factors and their association with cirrhosis status in the study cohort.

![](pone.0163900.t001){#pone.0163900.t001g}

                                Cirrhosis(N = 39)   No cirrhosis(N = 110)   *P*-value
  ----------------------------- ------------------- ----------------------- ------------
  Age (years), median (range)   51 (32--70)         44 (19--68)             **0.0005**
  rs12979860 CC, %              48.7%               24.5%                   **0.0080**
  Male, %                       74.4%               71.8%                   0.8368
  Treatment experienced, %      33.3%               35.5%                   0.8476
  HCV GT1a, %                   65.8%               68.0%                   0.8404

Therapeutic efficacy {#sec009}
--------------------

In the TVR group, 87.3% (96/110) achieved SVR; 9.1% (10/110) were non-responders and 3.6% (4/110) relapsed after completing the treatment. In the BOC group, 73.8% (31/42) achieved SVR; 16.7% (7/42) were non-responders and 9.5% (4/42) were relapsers ([Table 2](#pone.0163900.t002){ref-type="table"}). Due to the differing therapies and rates of outcomes observed between the two groups, the subsequent analysis was performed separately for each drug.

10.1371/journal.pone.0163900.t002

###### Treatment efficacy of the cohort receiving TVR, BOC or both PIs.

![](pone.0163900.t002){#pone.0163900.t002g}

                  TVR(N = 110)     BOC(N = 42)     All(N = 152)
  --------------- ---------------- --------------- -----------------
  Responder       87.3% (96/110)   73.8% (31/42)   83.6% (127/152)
  Non-responder   9.1% (10/110)    16.7% (7/42)    11.2% (17/152)
  Relapse         3.6% (4/110)     9.5% (4/42)     5.3% (8/152)

Pre-treatment factors contributing to SVR {#sec010}
-----------------------------------------

The results of univariate analysis of pre-treatment factors contributing to SVR are presented in [Table 3](#pone.0163900.t003){ref-type="table"}. Significantly, for TVR, younger age was associated with SVR (*P* = 0.0098) and *IFNL3* CC carriers were more likely to have SVR (*P* = 0.0330). In the BOC cohort, treatment-naïve individuals had a higher likelihood of achieving SVR than treatment-experienced individuals (*P* = 0.0209). As with the TVR cohort, BOC-treated patients of *IFNL3* CC genotype were also more likely to achieve a higher SVR rate (*P* = 0.041). In separated analysis for each drug, there was a lower statistical association of *IFNL3* rs12979860 genotypes and outcome; however, when the two drugs are combined for analysis, *IFNL3* rs12979860 CC was significantly associated with SVR (*P* = 0.0014) ([Fig 1](#pone.0163900.g001){ref-type="fig"}).

![Frequencies of the rs12979860 CC genotype for PI therapies and association with treatment outcome.](pone.0163900.g001){#pone.0163900.g001}

10.1371/journal.pone.0163900.t003

###### Baseline characteristics of the PI-treated cohorts and the association of pre-treatment factors with SVR.
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  Characteristics                TVR treatment (N = 110)   BOC treatment (N = 42)                                                           
  ------------------------------ ------------------------- ------------------------ ------------ ------------------- ---------------------- ------------
  Age (years), median(range)     44(26--70)                52(44--67)               **0.0098**   48.0(19--69)        48.0(35--68)           0.9772
  Male, %                        74                        71.4                     1.0000       67.7                80.0                   0.6937
  Treatment naïve, %             63.5                      42.9                     0.1540       83.9                45.5                   **0.0209**
  Cirrhosis, %                   21.1                      38.5                     0.1736       32.3                40.0                   0.7116
  rs12979860 CC, %               36.5                      7.1                      **0.0330**   32.3                0.0                    **0.0410**
  IP-10 (pg/ml), median(range)   353.7(95.9--2328.5)       271.8(151.5--787.7)      0.9612       308.4(91--1238.6)   499.1(125.7--1016.6)   0.1158
  miR-122 (Ct), median(range)    31.09(27.6--35.2)         30.89(29.0--34.3)        0.6612       30.6(26.6--34.2)    30.9(29.1--32.5)       0.7997
  let-7b (Ct), median(range)     30.68(27.3--36.1)         30.85(28.7--33.0)        0.5188       30.4(26.6--33.6)    31.0(30.2--32.5)       0.3101
  HCV GT1a, %                    64.8                      84.6                     0.2119       62.1                90.9                   0.1244
  HCV RAMs, %                    36.1                      16.7                     0.3212       4.8                 10.0                   1.000

On treatment factors contributing to SVR {#sec011}
----------------------------------------

Prior to investigating the clinical utility of early viral kinetics based on viral RNA and HCVcAg, the analytical performance of these viral markers was evaluated. For TVR therapy, a good correlation (r = 0.882) between viral load and antigen was observed at baseline ([Fig 2A](#pone.0163900.g002){ref-type="fig"}). However, the HCV RNA-HCVcAg correlation decreased at subsequent time points; this was due to the rapid decrease of HCVcAg below the limits of detection of the viral antigen assay (\<3 fmol/l), whilst viral RNA remained detectable. This corresponded with a decreased concordance between detectable RNA and reactive HCVcAg after starting treatment: at baseline, the concordance of the positivity rates of the two viral markers is 100% (100/100); after one, two and four weeks, antigen reactive samples were 52.9% (18/34), 37.5% (15/40) and 29.6% (21/71), respectively of samples with detectable viral RNA. For BOC therapy ([Fig 2B](#pone.0163900.g002){ref-type="fig"}), there was a moderate correlation of HCV RNA and HCVcAg correlation at baseline (r = 0.785); however, the correlation increased at week 4 (r = 0.952). The concordance of the positivity rates for the two viral markers at baseline and four weeks post-treatment was 100% (39/39) and 80% (28/35), respectively.

![**Scatter plots depicting the correlation between HCV RNA (log**~**10**~ **IU/ml) and HCVcAg (log**~**10**~ **fmol/l) measurements in samples from the cohorts receiving TVR (A) and BOC (B) at early time points.** The lower left hand corner restricted by the dashed lines indicates the area where both RNA and antigen are not detected by the respective assays.](pone.0163900.g002){#pone.0163900.g002}

In terms of clinical utility, the results of univariate analysis of on-treatment factors contributing to SVR are shown in Tables [4](#pone.0163900.t004){ref-type="table"} and [5](#pone.0163900.t005){ref-type="table"}. For TVR therapy ([Table 4](#pone.0163900.t004){ref-type="table"}), significant differences between the SVR and non-SVR groups were noted regarding the HCV RNA level at baseline (*P* = 0.0456), RNA levels at week 4 (*P* = 0.0068) and HCVcAg negativity at week 2 (*P* = 0.0359). For BOC therapy ([Table 5](#pone.0163900.t005){ref-type="table"}), SVR was statistically associated with the magnitude of the viraemia at week 4 including: RNA level (*P* = 0.0052), RNA reduction (*P* = 0.0143), HCVcAg level (*P* = 0.0052) and HCVcAg reduction (*P* = 0.0135).

10.1371/journal.pone.0163900.t004

###### Associations of HCV RNA and antigen measurements with SVR in TVR treatment.

![](pone.0163900.t004){#pone.0163900.t004g}

  -------------------------------------------- ---------------- --------- ------------- ---------------
  **RNA-based indicator**                      **Time point**   **SVR**   **Non-SVR**   ***P*-value**
  RNA level (log~10~ IU/ml), median            Baseline         5.83      6.29          **0.0456**
                                               Week 1           1.86      3.43          0.1111
                                               Week 2           1.38      2.36          0.2048
                                               Week 4           0.78      1.49          **0.0068**
  RNA reduction (log~10~ IU/ml), median        Week 1           3.94      3.68          0.8756
                                               Week 2           4.24      4.68          0.5035
                                               Week 4           4.96      4.37          0.3117
  RNA negativity, % (N)                        Week 1           3.10      0.00          1.0000
                                               Week 2           12.50     0.00          1.0000
                                               Week 4           33.30     15.40         0.3356
  **Antigen-based indicator**                  **Time point**   **SVR**   **Non-SVR**   ***P*-value**
  Antigen level (log~10~ fmol/l), median       Baseline         3.43      3.61          0.1341
                                               Week 1           0.00      1.49          **0.0510**
                                               Week 2           0.00      0.71          0.0604
                                               Week 4           0.00      0.00          0.0766
  Antigen reduction (log~10~ fmol/l), median   Week 1           2.64      2.60          0.9252
                                               Week 2           2.75      3.23          0.3914
                                               Week 4           3.07      3.19          0.8349
  Antigen negativity, %                        Week 1           53.10     0.00          0.2286
                                               Week 2           72.50     20.00         **0.0359**
                                               Week 4           81.10     61.50         0.1444
  -------------------------------------------- ---------------- --------- ------------- ---------------

10.1371/journal.pone.0163900.t005

###### Associations of HCV RNA and antigen measurements with SVR in BOC treatment.

![](pone.0163900.t005){#pone.0163900.t005g}

  -------------------------------------------- ---------------- --------- ------------- ---------------
  **RNA-based indicator**                      **Time point**   **SVR**   **Non-SVR**   ***P*-value**
  RNA level (log~10~ IU/ml), median            Baseline         6.12      6.24          0.3421
                                               Week 4           3.10      5.64          **0.0052**
  RNA reduction (log~10~ IU/ml), median        Week 4           2.34      0.96          **0.0143**
  RNA negativity, %                            Week 4           7.10      0.00          1.0000
  **Antigen-based indicator**                  **Time point**   **SVR**   **Non-SVR**   ***P*-value**
  Antigen level (log~10~ fmol/l), median       Baseline         3.59      3.61          0.8545
                                               Week 4           0.89      3.11          **0.0052**
  Antigen reduction (log~10~ fmol/l), median   Week 4           1.87      0.53          **0.0135**
  Antigen negativity, n (N)                    Week 4           32.10     0.00          0.0785
  -------------------------------------------- ---------------- --------- ------------- ---------------

Combination of predictive factors for SVR {#sec012}
-----------------------------------------

For evaluation of the prognostic utility of the significant baseline and on-treatment SVR-predicting factors (presented in Tables [3](#pone.0163900.t003){ref-type="table"}--[5](#pone.0163900.t005){ref-type="table"}), sensitivity, specificity, positive predictive value, negative predictive value and accuracy are summarised in Tables [6](#pone.0163900.t006){ref-type="table"} and [7](#pone.0163900.t007){ref-type="table"}. The virological responses at weeks 8 and 12 were also included for comparison. ROC analysis was performed to calculate the optimal cut-off that represents the best compromise between sensitivity and specificity and to evaluate the respective predictive values of the continuous variables statistically associated with SVR.

10.1371/journal.pone.0163900.t006

###### The most significant predictors of TVR therapy-induced SVR in CHC and their corresponding predictive values.

![](pone.0163900.t006){#pone.0163900.t006g}

  -------------------------- ---------------- ---------------------- --------------- --------- ------------- ------------- ------------- ------------- -------------
  **On-treatment factor**    **Time point**   **Threshold**          ***P*-value**   **AUC**   **SEN (%)**   **SPE (%)**   **PPV (%)**   **NPV (%)**   **ACC (%)**
  RNA level                  Baseline         ≤5.78 log~10~ IU/ml    0.0141          0.685     48.31         90.91         97.7          17.9          53.0
  RNA level                  Week 4           ≤1.26 log~10~ IU/ml    0.0078          0.726     76.67         69.23         94.5          30.0          75.7
  Antigen level              Week 1           ≤0.91 log~10~ fmol/l   0.0001          0.828     68.75         100           100           23.1          71.4
  Antigen negativity         Week 2                                  0.0459                    72.5          80            96.7          26.7          73.3
  RNA negativity             Week 4                                  0.2256                    31.5          85.7          84.0          16.0          38.3
  RNA negativity             Week 12                                 0.0005                    95.7          45.5          93.6          55.6          90.4
  **Pre-treatment factor**   **Time point**   **Threshold**          ***P*-value**   **AUC**   **SEN (%)**   **SPE (%)**   **PPV (%)**   **NPV (%)**   **ACC (%)**
  rs12979860 CC              Baseline                                0.0330                    36.5          92.9          97.2          17.6          43.6
  Age                        Baseline         ≤43 years old          \<0.0001        0.714     48.96         100           100           22.2          54.5
  -------------------------- ---------------- ---------------------- --------------- --------- ------------- ------------- ------------- ------------- -------------

10.1371/journal.pone.0163900.t007

###### The most significant predictors of BOC therapy-induced SVR in CHC and their corresponding predictive values.

![](pone.0163900.t007){#pone.0163900.t007g}

  -------------------------- ---------------- ----------------------- --------------- --------- ------------- ------------- ------------- ------------- -------------
  **On-treatment factor**    **Time point**   **Threshold**           ***P*-value**   **AUC**   **SEN (%)**   **SPE (%)**   **PPV (%)**   **NPV (%)**   **ACC (%)**
  RNA level                  Week 4           ≤3.23 log~10~ IU/ml     \<0.0001        0.813     57.14         100           100           42.9          67.6
  RNA reduction              Week 4           \>1.25 log~10~ IU/ml    0.0002          0.804     74.07         85.71         95.2          46.2          73.5
  Antigen level              Week 4           ≤0.96 log~10~ fmol/l    \<0.0001        0.812     53.57         100           100           40.9          64.7
  Antigen reduction          Week 4           \>1.45 log~10~ fmol/l   0.0002          0.807     59.26         100           100           38.9          64.7
  RNA negativity             Week 8           Undetected RNA          0.1446                    48.1          81.8          86.7          39.1          57.9
  RNA negativity             Week 12          Undetected RNA          0.0013                    87.1          70.0          90.0          63.6          82.9
  **Pre-treatment factor**   **Time point**   **Threshold**           ***P*-value**   **AUC**   **SEN (%)**   **SPE (%)**   **PPV (%)**   **NPV (%)**   **ACC (%)**
  rs12979860 CC              Baseline                                 0.0410                    32.3          100           100           34.4          50.0
  Treatment-naïve            Baseline                                 0.0209                    83.9          54.5          83.9          54.5          76.2
  -------------------------- ---------------- ----------------------- --------------- --------- ------------- ------------- ------------- ------------- -------------

For both drugs, amongst all the parameters investigated, virological responses at week 12 provided the greatest degree of accuracy (90.6% and 82.9%, respectively). Failure to achieve these two virological responses was the strongest negative on-treatment predictor of inability to achieve an SVR (NPVs for TVR and BOC: 55.6% and 63.6%, respectively). At earlier time points, RNA negativity at week 4 in TVR and RNA negativity at week 8 in BOC provided lower predictive values (ACC) for TVR and BOC (38.3% and 57.9%, respectively).

For TVR therapy, at baseline, patient age (\<43 years) possessed a higher accuracy in predicting SVR (54.5%) than pre-treatment viral load (53%) and *IFNL3* CC genotype (43.6%). Age is also the strongest positive predictor of SVR; 100% (43/43) of individuals \<43 years of age achieved SVR. On treatment, after RNA negativity at week 12, both RNA levels at week 4 and HCVcAg negativity at week 2 gave comparable accuracies (75.7% and 73.3%, respectively). The best cut-off values for HCVcAg levels calculated at week 1 to maximise the prediction of SVR is 0.91 log~10~ fmol/l corresponding to 8.13 fmol/l. The optimal threshold for viral load at week 4 in SVR prediction is 1.26 log~10~ IU/ml equivalent to 18.2 IU/ml.

For BOC therapy, prior to starting treatment, *IFNL3* CC genotype is the strongest positive predictor of SVR (PPV: 100%), although the history of prior IFN-based therapy provided a greater accuracy (76.2% vs. 50.0%). On treatment, following RNA negativity at week 12, RNA reduction at week 4 gave the second highest accuracy (73.5%) with the optimal threshold of 1.25 log~10~ IU/ml. The other viraemia parameters at week 4 including RNA level, HCVcAg level and HCVcAg reduction gave lower accuracies than absolute RNA level; however, these three indicators are the strongest positive predictors of SVR (PPV: 100%). Measurement of HCVcAg level at week 4 gave the best cut-off at 0.96 log~10~ fmol/l for predicting SVR.

To generate an algorithm for prediction of the likelihood of SVR, significant predictors from the present study were selected for analysis. For TVR therapy, age, the strongest positive predictor at baseline, and antigen measurement at week 2 were combined to identify patients with a high probability of achieving SVR ([Fig 3A](#pone.0163900.g003){ref-type="fig"}). In the younger age group (\<43 years), 100% achieved SVR. In the older age group (\>43 years), patients with antigen negativity at week 2 achieved high SVR rates (93.3%). In the group with unfavourable characteristics in relation to both age (\>43 years) and detectable antigen at week 2, the SVR rates were lower (60%). In BOC therapy, for a cost-effective approach targeting a general population, *IFNL3* and HCVcAg level at week 4 were combined for selection of individuals who are likely to achieve SVR ([Fig 3B](#pone.0163900.g003){ref-type="fig"}). Patients with *IFNL3* CC genotypes achieved a high SVR rate (100%) regardless of HCVcAg level at week 4. Furthermore, in the non-CC group, patients attained a high SVR rate (100%) if their HCVcAg level at week 4 decreased below 0.91 log~10~ fmol/l (equivalent to 8.12 fmol/l). In patients whose HCVcAg level was higher than the cut-off of 0.91 log~10~ fmol/l, the SVR rate was significantly lower (45.5%, *P* = 0.0291).

![**Algorithm for identifying CHC patients receiving TVR (A) and BOC (B) with an increased likelihood to achieve SVR by combining pre-treatment and on-treatment factors.**](pone.0163900.g003){#pone.0163900.g003}

Discussion {#sec013}
==========

The cohort recruited in the ICORN study comprised 238 participants (170 patients receiving TVR and 68 patients receiving BOC). Due to the unavailability of samples for all patients at investigated time points for testing, 152 participants whose SVR evaluation was completed before September 2015 were included in the present study for measurement of HCVcAg and HCV RNA and correlation with treatment response. Of note, the overall SVR rates for the ICORN cohort (86.5% in TVR and 77.9% in BOC) are comparable to the rates reported in the present study (87.3% in TVR and 73.8% in BOC), which suggests that the patients in the present study are broadly representative of the whole ICORN cohort. The primary limitation of the present study relates to the small sample sizes, particularly in the BOC-treated cohort. The predictive value of quantitative HCVcAg in monitoring treatment response to DAA-based regimens requires confirmation in larger patient cohorts. Nevertheless, the information presented herein will potentially inform the study design for such projects.

The major aims of the present study were to evaluate the potential role for HCV core antigen in monitoring the response to triple therapies of TVR/BOC plus PEG-IFN/RBV and to determine the utility of HCVcAg testing in the era of DAAs. We report the outcome of treatment with PIs which suggests the usefulness of some baseline factors and antigen measurements in predicting favourable responses. It has been previously reported in clinical studies that various viral and patient characteristics could be predictive of responses to PI-based antiviral therapy \[[@pone.0163900.ref016]--[@pone.0163900.ref021]\]; however, the data have not been gathered into routine treatment guidelines due to the variations in the cohort characteristics and regimens employed in the investigations. In the present study, the factors predicting SVR exhibited strong positive predictive values; however, they yielded only a moderate capability of identifying individuals that would not achieve an SVR. In the analysis, we provide the algorithms for identifying CHC patients receiving PIs with an increased likelihood to achieve SVR by combining pre-treatment and on-treatment (antigen) factors in [Fig 3](#pone.0163900.g003){ref-type="fig"}. However, we acknowledge that the results were analysed with a relatively small cohort; therefore, the algorithms do not have implications for use in response-guided therapy. They are the illustration of the potential of antigen measurements in predicting SVR. To implement a practical strategy in real-life settings, studies with larger cohorts and further clinical and cost-benefit analyses will be required to establish firm recommendations for each nation. Consequently, the cost implications were not included in the present study. The high potency of the new DAA therapies attenuates the impact of baseline factors \[[@pone.0163900.ref022]\] but suggests the usefulness of antigen, an alternative marker in monitoring treatment response. IFN-free DAA therapy provides an opportunity to significantly simplify laboratory requirements and make the overall diagnostic package less expensive, particularly in resource-limited settings \[[@pone.0163900.ref023]\].

Predictors of TVR treatment outcome {#sec014}
-----------------------------------

Among the baseline factors in our cohort for predicting SVR to TVR therapy, age had the highest association with outcome (*P* = 0.0098): TVR treatment for individuals younger than 43 years of age showed highest efficacy (100%). Host genetic polymorphisms at *IFNL3* rs12979860 were also significantly associated with treatment outcome (*P* = 0.0330) with 97.2% of individuals of *IFNL3* CC genotypes achieving SVR. Viral RNA titres at baseline in the SVR group (median: 5.83 log~10~ IU/ml, range: 3.39--7.08 log~10~ IU/ml) were lower than the non-SVR group (6.29 log~10~ IU/ml, range: 5.19--7.17 log~10~ IU/ml, *P =* 0.0456). On treatment, our results showed that antigen negativity at week 2 could provide the earliest indication that treatment would be successful. However, the utility of employing antigen negativity at week 2 requires investigation in larger cohorts receiving DAA therapy. In terms of identification of predictors at early stage, the dual factors of age and antigen at week 2 were included in the proposed model to identify patients predicted to have a higher likelihood of a successful therapeutic outcome.

Predictors of BOC treatment outcome {#sec015}
-----------------------------------

Similar to TVR treatment, *IFNL3* genotype remained highly significantly associated with SVR in the BOC group: 100% of CC major homozygous individuals achieved SVR. Moreover, the failure of IFN-based therapy represented the strongest negative predictor at baseline of the failure to achieve an SVR. On treatment, week 4 viral parameters comprising RNA and HCVcAg measured by absolute or relative levels (reduction from baseline) were capable of predicting treatment response with BOC after the lead-in phase. Amongst these, measurement of HCVcAg at week 4 showed the highest predictive power for estimating SVR, with the further advantages of convenient data collection and cost-effectiveness. In the recommended treatment guidelines for BOC treatment, viral load testing at week 4 is not required for evaluation of virological response, and therefore HCVcAg testing could potentially replace expensive viral RNA quantification in monitoring treatment-induced virological responses at this time point. In the clinical setting, to target a general population, the model includes the dual factors of *IFNL3* genotype and antigen level at week 4 to determine patients who should initiate BOC therapy after the lead-in phase due to their favourable response.

The SOUND-C2 clinical trial examined faldaprevir and deleobuvir with and without ribavirin and demonstrated significantly higher SVR rates for rs12979860 CC homozygotes which highlighted the clinical relevance of *IFNL* genotyping in IFN-free DAA treatment regimens in chronic HCV treatment \[[@pone.0163900.ref024]\]. The rs12979860 SNP resides within the first intron of the newly described type III IFN, *IFN-λ4* (*IFNL4*) and the unfavourable rs12979860-T allele is in high linkage disequilibrium with a frameshift variant (rs368234815, *IFNL4-ΔG*) located within the first exon of *IFNL4* \[[@pone.0163900.ref025]\]. This *IFNL4-ΔG* frameshift establishes an open reading frame that allows IFNL4 expression \[[@pone.0163900.ref025]\]. Intrahepatic levels of interferon-stimulated genes (ISGs) are lower in rs12979860 CC homozygotes compared with non-CC individuals and similarly, the *IFNL4-ΔG* genotype has been associated with high intrahepatic ISG levels and treatment non-response \[[@pone.0163900.ref026]\]. This suggests that IFNL4 expression correlates with the transcriptional activation of ISGs, thus providing a molecular link between the host genotype and treatment-induced clearance of HCV \[[@pone.0163900.ref026], [@pone.0163900.ref027]\]. Therefore, mechanistically the clinical utility of *IFNL* genotypes are applicable to type I IFN-based and DAA treatment regimens.

For both PIs, whilst the baseline factors of treatment history, cirrhosis status and HCV genotype were not significantly associated with SVR in the present study, it was evident that there was a trend towards higher numbers of IFN-experienced, cirrhotic and HCV genotype 1a individuals in non-SVR groups than in SVR groups, which is in line with clinical trial data \[[@pone.0163900.ref017], [@pone.0163900.ref018], [@pone.0163900.ref028]\]. Conversely, the role of host factors such as IP-10 \[[@pone.0163900.ref029]--[@pone.0163900.ref032]\] and microRNAs \[[@pone.0163900.ref033]\] found to be capable of predicting SVR in dual PEG-IFN/RBV therapy were not associated with predicting the outcome in triple DAA therapy in the present study. The presence of natural occurring RAMs prior to treatment was shown to have no impact on treatment outcome, consistent with other studies \[[@pone.0163900.ref034], [@pone.0163900.ref035]\].

The association of *IFNL3* genotype and cirrhosis condition is also noteworthy in the present cohort. Several studies have reported the relationship of *IFNL3* genotypes and liver injury severity; however, the results showed discrepancies which could be due to study design, sample bias, viral genotypes or non-standard estimates of liver histology. In line with our study, some researchers have shown an association between the major homozygous *IFNL3* genotype (rs12979860 CC or rs8099917 TT) with severe portal inflammation \[[@pone.0163900.ref036]\], hepatic necroinflammation \[[@pone.0163900.ref037]\], fibrosis \[[@pone.0163900.ref038]\] and cirrhosis \[[@pone.0163900.ref039]\]. It has been suggested that *IFNL3* CC homozygotes, in whom treatment response rates are higher, but progression to cirrhosis may occur more rapidly would benefit the most in early access to treatment \[[@pone.0163900.ref039]\]. Conversely, an association between the unfavorable rs8099917 non-TT alleles (linked to the rs12979860 non-CC) and the risk of hepatocellular carcinoma has been reported \[[@pone.0163900.ref040]\] and the rs12979860 T allele frequency has also been reported to be more prevalence in patients with cirrhosis \[[@pone.0163900.ref041]\]. Presence of these alleles may affect the severity of liver fibrosis \[[@pone.0163900.ref042]\] and be associated with post-transplant fibrosis progression \[[@pone.0163900.ref043]\], or an increased risk for hepatocellular carcinoma in patients without SVR to dual therapy \[[@pone.0163900.ref044]\]. These contradictory findings highlight the need for further investigations to identify patients at greater risk of liver injury for more intensive monitoring.

Clinical utility of HCVcAg {#sec016}
--------------------------

Despite being considered as an alternative to HCV RNA viral loads and supported by promising results in different studies of PEG-IFN/RBV treatment, HCVcAg measurements have not supplanted RNA measurements in clinical management \[[@pone.0163900.ref045]\]. In our study, we analysed the HCVcAg kinetics in the early stages of treatment and evaluated the predictive power of HCVcAg on SVR achievement. In TVR treatment, the antigen level at week 1 and antigen negativity at week 2 allowed distinction of the groups achieving different outcomes. Similar to the present study, Garbuglia and co-workers have reported the inability to detect HCVcAg one week after starting therapy is predictive of the likelihood to achieve SVR in TVR treatment \[[@pone.0163900.ref046]\]. Tamai and colleagues found no association between HCVcAg level and SVR of HCV specific genotype 1b and high viral loads \[[@pone.0163900.ref018]\], although in their previous study of interferon-based therapy, antigen levels within two weeks showed usefulness in predicting outcomes \[[@pone.0163900.ref010]\]. The variation of results could be due to different sample sizes and characteristics of the study cohorts. In BOC treatment, the earliest time point we could investigate was week 4 due to the numbers of clinical visits of patients at the earlier time points. The analysis showed promising results for the utility of antigen in monitoring virological response and predicting treatment outcomes. To our knowledge, we are the first group to evaluate the clinical utility of viral antigen measurements in BOC treatment outcome. The prognostic capability HCVcAg measurements at early stages should also be further substantiated in larger studies for newer DAAs.

The assay costs from the payer perspective of the HCVcAg and HCV viral load are €30 (\~\$34) and €65 (\~\$74) per test in Ireland, respectively. There are variations between laboratories or geographic regions for the cost of testing: the prices in the UK were \$23.4 for antigen and \$108 for viral load testing \[[@pone.0163900.ref047]\]; and in Egypt, antigen testing cost \$19.8 while viral load testing was \$141.5 \[[@pone.0163900.ref048]\]. In emerging economies, in spite of the lower labour costs, RNA viral load testing requires: a higher level of expertise for training and practice; greater capital investment for testing platforms; and longer processing time to perform the test, resulting in higher overall charges. In Vietnam, for example, the costs for commercial antigen and viral load testing in a medical laboratory are \$32 and \$79, respectively, which corresponds to the general price in other laboratories. HCVcAg assay requires considerably less hands-on time compared to the RNA assay: sample processing time for the HCVcAg testing is one hour, while that for viral load testing is 7 hours and 45 minutes. In real-life clinical practice, HCVcAg results could be issued potentially on the same day, or regularly one day after specimen collection; conversely, the turnaround time for viral load results is up to three days, largely due to the necessity to batch samples to optimise cost-effectiveness. Generally, the cost of HCV RNA testing is a multiple of the HCVcAg assay cost \[[@pone.0163900.ref023], [@pone.0163900.ref049]\]; therefore, the use of HCVcAg in place of HCV viral load testing will potentially help to decrease the cost of diagnosis, time to result and improve follow-up in certain settings. In terms of analytical performance, the antigen level was strongly correlated to viral load in CHC genotype 1 individuals; the reported data in larger cohorts indicated that there is no statistically significant difference in the viral RNA:HCVcAg correlation regarding different viral subtypes (1a vs. 1b) \[[@pone.0163900.ref050]--[@pone.0163900.ref053]\]. Hence, the strong correlation between viral load and HCVcAg at baseline facilitates the use of viral antigen monitoring to enable earlier commencement of therapy. With the introduction of new DAAs targeting HCV maturation and replication, HCVcAg could conceivably be superior to HCV RNA testing, as DAAs might already prevent virus formation and thereby better correlate with eventual therapy-induced viral clearance \[[@pone.0163900.ref045]\]. In the era of DAAs, the clinical significance of HCVcAg could be adjusted along with the sharp decrease of the levels of viraemia. On-treatment HCVcAg negativity would reflect the sustained efficacy of the novel drugs which are associated with very high SVR rates. It has been considered that IFN-free DAA therapy could simplify laboratory requirements and make the overall diagnostic package less expensive in low- and middle-income countries. HCVcAg testing could be employed to establish active infection, to initiate the requirement for treatment and then to evaluate aviraemia after cessation of DAA therapy \[[@pone.0163900.ref023]\]. Indeed, in a small scale study of liver transplant recipients undergoing treatment with an NS5B inhibitor (sofosbuvir), the interval time for HCVcAg loss was shown to be predictive of SVR outcome \[[@pone.0163900.ref054]\].

Conclusions {#sec017}
===========

The present study provides evidence for high positive predictive values of early quantitative HCVcAg, within two weeks in TVR-based regimen and four weeks in BOC-based regimen, in predicting SVR in chronic HCV genotype 1-infected patients receiving PI treatment. These results highlight the potential utility of early viral antigen kinetics in PI treatment and suggest that this could be a suitable replacement for viral load testing particularly in low and middle-income settings. The findings presented warrant further investigation to examine the role of antigen in monitoring treatment response in newer DAA regimens.
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